STUDY QUESTION: Are polymorphisms of taste receptor genes associated with male infertility? SUMMARY ANSWER: This study has showed the associations between three single nucleotide polymorphisms (SNPs) in taste receptors genes (TASR) and male infertility.
Introduction
Infertility is a major medical problem worldwide, affecting 15% of couples in Europe and is the cause of considerable social and financial burden (Jungwirth et al., 2012; Rouchou, 2013) . In 50% of involuntarily childless couples abnormal semen parameters point to a maleinfertility-associated cause (Jungwirth et al., 2012) . Several modifiable lifestyle factors have been suggested to have an impact on male infertility, including age (Dunson et al., 2004) , nutrition (Wong et al., 2000; Mendiola et al., 2010) , weight (Best and Bhattacharya, 2015) , exercise (Cabler et al., 2010) , psychological stress (Gollenberg et al., 2010) , cigarette smoking (Calogero et al., 2009) , recreational and prescription drugs use (Battista et al., 2008) , alcohol consumption (Donnelly et al., 1999) , environmental and occupational exposures (Selevan et al., 2000; Jurewicz et al., 2009) . Several molecular and epidemiologic evidences point towards a decisive role of genetics in male infertility (O'Flynn O'Brien et al., 2010) . In addition to chromosomal aberrations (Clementini et al., 2005) and chromosome Y micro deletion (O'Flynn O'Brien et al., 2010) , single nucleotide polymorphisms (SNPs) have also been investigated in relation to male infertility (Ferlin et al., 2007) . Four Genome wide association studies (GWAS) (Aston and Carrell, 2009; Hu et al., 2012; Zhao et al., 2012; Kosova et al., 2012) and one large association study with 172 polymorphism (Aston et al., 2010) have been performed. In these studies, 39 marginally (P-value <0.05) significant associations were identified in the Caucasians population and six significant (nominal P-value < 5 × 10 −8 for a conventional GWAS) in the Chinese population. Alongside the GWAS many association studies have been carried out and, to date, in the literature, 269 risk variants have been proposed (Krausz et al., 2015) . However, despite the identification of an increasing number of environmental and genetic risk factors, the etiology remains unknown in almost half of the cases (Nieschlag et al., 2010) . It is, therefore, for the uttermost importance to further our knowledge on the causes of this condition. Mosinger and collaborators have demonstrated that the lack of expression of TAS1R3 and G protein subunit alpha transducin 3 gene (GNAT3) leads to infertility in the mice (Mosinger et al., 2013) . This may seem surprising, however taste receptors have been found to be expressed in a variety of human tissues and organs and are involved in a plethora of functions that are not connected with taste perception (Fujita, 1991; Hofer et al., 1996; Taniguchi, 2004; Rozengurt, 2006; Sternini, 2007; Hass et al., 2007 Hass et al., , 2010 Shah et al., 2009; Nakagawa et al., 2009; Ren et al., 2009; Deshpande et al., 2010; Tizzano et al., 2010; Elliott et al., 2011; Kendig et al., 2014) . Taste receptors are expressed in the testis and in spermatozoa and, although their physiological function in spermatogenesis remains unclear, several molecular evidences obtained in the mice suggest that their silencing or reduced expression may have a massive impact on sperm production and fertility (Fehr et al., 2007; Li and Zhou, 2012; Meyer et al., 2012; Voigt et al., 2012) .
Taste receptor are highly polymorphic and several SNPs have a profound impact on the gene function and expression as exemplified by the iconic paradigm of the TAS2R38 gene and 6-n-propylthiouracil (PROP) phenotype, where just three SNPs can completely alter the individual ability of tasting the substance (Duffy et al., 2004) . SNPs in taste receptors have an impact on several human traits and complex diseases such as drinking behavior, nicotine dependence, food and beverage choices, body mass index susceptibility to cancer and human aging (Cannon et al., 2005; Dinehart et al., 2006; Wang et al., 2007; Mangold et al., 2008; Padiglia et al., 2010; Sandell et al., 2014) .
Therefore, considering the strong genetic component in male infertility, the possible role of taste receptors in spermatogenesis and the functional effect that SNPs in these genes, we have conducted a study to identify possible novel markers of susceptibility in human infertility within the taste receptor clusters.
Materials and Methods

Study populations
This study was conducted in a total of 494 Caucasian male individuals undergoing semen evaluation at the Centre of Couple Sterility of the Siena University Hospital. Consecutive patients were enrolled during infertility investigations from October 2014 to February 2016. For all subjects information on age and smoking habits were collected. Median age of the patients was 36 years (18-58) and 141 were smokers. A comprehensive clinical history of patients was obtained and possible causes of male infertility such as congenital bilateral absence of vas deferens, varicocele, cryptorchidism or endocrine disorders were excluded.
Characterization of sperm parameters
Standard semen analysis was performed according to World Health Organization protocol (WHO, 2010) in order to characterize study subjects for main sperm parameters. To this end, seminal fluid was collected by masturbation after 2-4 days of sexual abstinence. After liquefaction at room temperature for 30 min, semen samples were immediately evaluated under light microscope, equipped with warmed plate, by using the Makler chamber in order to determine sperm concentration and progressive and total motility. For the morphological evaluation, sperm samples were smeared on glass slides, stained according to modified Papanicolaou's staining method and a total of 200 spermatozoa were analyzed.
Selection of genes and polymorphisms
We have selected SNPs in taste related genes that have been reported to be expressed in human and or mice testis or sperm cells (Yamamoto and Ishimaru, 2013; Xu et al., 2013) . SNPs were selected because they were either tagging or functional SNPs or both. To select tagging SNPs we used the tagger tool of the Haploview software (https://www.broadinstitute. org/haploview/haploview). We used a pairwise tagging method with a minimum r 2 of 0.8 and a minor frequency allele of 0.05 in Caucasian. For each gene region we selected the SNPs that covered the majority of the alleles present at the locus. The final selection resulted in 19 SNPs, specifically: five SNPs in sweet taste receptor (TAS1R1-rs11587438, TAS1R1-rs12080675, TAS1R1-rs4908563, TAS1R2-rs35874116, TAS1R2-rs4920566) 13 SNPs in bitter taste receptor (TAS2R1-rs41467, TAS2R3-rs11763979, TAS2R4-rs2233998, TAS2R5-rs2227264, TAS2R14-rs11610105, TAS2R14-rs12370363, TAS2R14-rs3741843, TAS2R44-rs10845293, TAS2R48-rs10772420, TAS2R49-rs10772408, TAS2R49-rs7135018, TAS2R49-rs7301234, TAS2R50-rs1376251) and one SNP in the GNAT3 (rs7792845). This selection is not comprehensive of all the variability of the selected regions, but contains the majority of the common tagged alleles.
DNA extraction and genotyping
DNA was extracted from buccal cells collected by a brush for cell sampling, by using the Wizard ® Genomic DNA Purification Kit (Promega, Italy), according to the manufacturer protocol.
Genotyping was performed using the allele-specific KASPar genotyping system (KBiosciences, Hoddesdon, UK) as recommended by the manufacturer. Each plate was prepared to contain a minimum of 12 (14%) negative controls and 8.33% of the samples were duplicated, for quality controls. The amplification reaction was performed using a thermal cycler (EuroClone S.p.A. Milano, Italy) and the following genotype detection was performed using an FLUOstar ® Omega sequence detection system (BMG LABTECH Ortenberg, Germany) and the KlusterCaller software (LGC, Teddington, UK).
Statistical analysis
Hardy-Weinberg equilibrium (HWE) was tested using the Pearson chi 2 test. We used generalized linear model (GLM) to explore the association between the genetic polymorphisms and sperm parameters. When testing the association between the SNPs and the sperm parameters we used a dominant, co-dominant and recessive inheritance model and we adjusted for age. Multiple comparisons correction was applied and the Bonferronicorrected critical P-value was <0.003.
Bioinformatic analysis
HaploReg v4.1 (Ward and Kellis, 2016) and RegulomeDB (http:// regulome.stanford.edu/) (Boyle et al., 2012) were used to unravel the regulatory potential of the sequences nearby each SNP. To identify the possible effect of the SNPs on the expression of close genes we used the data available in the GTEx website (http://www.gtexportal.org/home/) (GTEx Consortium, 2013).
Ethical approval
All participants have signed a written informed consent and the study protocol was approved by the ethic commission of the Siena University Hospital (CEASVE).
Results
All analyzed SNPs were in HWE in controls (P > 0.003). Random duplicate samples (n = 41; 8.33%) were also included and concordance of their genotypes was greater than 99%. Forty-three samples were discarded for having a call-rate lower than 75%. The average call rate for the remaining samples (n = 451) was 96% (range 92-99%).
Main effect of the SNPs
Using a GLM test and a co-dominant inheritance method we observed that three polymorphisms showed a statistically significant association with the sperm parameters, considering a corrected threshold of significance of P = 0.003. In particular, the homozygous carriers of the minor (G) allele of the TAS2R14-rs3741843 polymorphism showed a decreased sperm progressive motility compared to common (A) homozygous (coefficient = −0.46; P = 0.003). Moreover, the homozygous carriers of the minor (T) allele of the TAS2R3-rs11763979 SNP showed a decreased number of normal acrosome compared to the homozygous carriers of the major (G) allele (coefficient = −0.32; P = 0.002). Heterozygous carriers also showed a tendency of having less normal acrosome compared to G/G individuals (coefficient = −0.20; P = 0.04) although the association was not significant after correction for multiple testing. Additionally, we highlighted that (A/G) heterozygous individuals of the TAS1R2-rs4920566 SNP were associated with a decreased number of sperm cells compared to homozygous carriers of the major (A) allele (coefficient = −53.15; P = 0.003) while homozygous individuals for the rare allele did not show a statistically different number of sperm cells compared to homozygous individuals for the more common allele. The results of the statistically significant analyses are shown in Table I The P-value was calculated with a GLM test.
analyzed parameters stratified according to the genotypes. The results for all the SNPs are shown in Supplementary Table S1 .
Functional effects of the SNPs
We used several bioinformatics tools to predict possible functional relevance for the TAS2R14-rs3741843, TAS2R3-rs11763979 and TAS1R2-rs4920566 SNPs. RegulomeDB revealed a score of 6 for TAS2R3-rs11763979, a score of 5 for TAS1R2-rs4920566, while there were no data for TAS2R14-rs3741843. HaploReg showed that TAS2R3-rs11763979 has 155 SNP in high linkage disequilibrium (LD) (r2 > 0.9) and all which displayed multiple expression quantitative trait loci (eQTL) (at least 14). TAS2R3-rs11763979 has 112 eQTL hits and shows a possible differential ability to recognize two transcription factors, the sterol regulatory element-binding protein (SREBP) and the regulatory factor ×5 (RFX5). For TAS2R14-rs3741843 HaploReg showed 61 eQTL hits and a region of high LD constituted by 62 SNPs with multiple eQTL. GTEx confirmed the fact that both TAS2R14-rs3741843 and TAS2R3-rs11763979 have a plethora of eQTL in various tissues. In the testis TAS2R14-rs3741843 regulates five genes with a significant P value. Specifically, the (G) allele is associated with lower expression of PRH2 (P = 6.4 × 10
) and with the increase of expression of TAS2R64P (P = 1.1 × 10 −12
), TAS2R43 (P = 3.2 × 10 −12 ),
) and TAS2R20 (P = 3.3 × 10
−6
). For TAS2R3-rs11763979 GTEx reports three significant eQTL. In particular, the (T) allele is associated with the lower expression of TAS2R6 (P = 1.7 × 10 −6 ) and with the increase of expression of WEE2-AS1 (P = 5.5 × 10 9
) and TAS2R4 (P = 6.7 × 10 −8 ). These eQTL and their effect size are shown in Table II and in Fig. 1 . No statistically significant eQTL were shown for TAS1R2-rs4920566 by GTEx.
Discussion
The ectopic expression of human TASR genes has been observed in multiple organs and tissues suggesting a more complex function than just taste perception (Fehr et al., 2007; Rozengurt, 2006; Deshpande et al., 2010; Shin et al., 2010; Elliott et al., 2011; Tizzano et al., 2011; Meyer et al., 2012) . The observation of TAS1Rs and TAS2Rs expression in the reproductive system may seem surprising, however, given the chemosensory function that taste receptors exert it is plausible for them to play a crucial role in modulating the stimuli which the sperms are exposed during fertilization. Polymorphic variants in taste receptors are often functional and show a profound effect on a variety of human traits (Cannon et al., 2005; Dinehart et al., 2006; Wang et al., 2007; Mangold et al., 2008; Padiglia et al., 2010; Sandell et al., 2014) . The association between male infertility and taste receptor SNPs has been investigated by three independent studies that focused on the TAS2R38 gene. In the first report Aston and colleagues found that the TAS2R38-rs10246939 SNP was associated with risk of being azoospermic (Aston et al., 2010) , however this finding was not replicated in two following studies (Plaseski et al., 2012; Siasi and Aleyasin, 2016) . Although the TAS2R38 gene is the most studied gene of the taste receptor family, we exclude it from our study since it does not seem to be expressed in the human testis and in spermatozoa. Instead, we focused our attention on variants belonging to genes that are expressed in the reproductive system. This is the largest study so far reported in the Caucasian population investigating genetic variability in taste receptor genes and male infertility. We observed that TAS2R14-rs3741843 and TAS2R3-rs11763979 showed a statistically significant association with several sperm parameters considering a significance threshold corrected for multiple testing (P = 0.003). In particular, in our study the carriers of the (G) allele of the TAS2R14-rs3741843 polymorphism showed a decreased sperm progressive motility. GTEx reports five significant eQTL for TAS2R14-rs3741843 with the (G) allele associated with lower expression of PRH2 (proline rich protein HaeIII subfamily 2) and with the increase of expression of TAS2R46P, TAS2R43, TAS2R31 and TAS2R20. The locus in which the TAS2R14 lies is quite complex and several genes are overlaid and this may explain why a variant attributed to the TAS2R14 may regulate the expression of other nearby genes. TAS2R43 is also expressed in the human airway epithelia where it has been suggested to play a key role in regulating the movement of the cilia in the process of eliminating toxic compounds (Shah et al., 2009) .
This finding highlights the importance of the TAS2R43 in ciliate cell and therefore it is possible to hypothesize the role of this gene also in flagellum movement and in sperm motility. In fact, some genetic diseases characterized from a ciliary dysfunction leads to male infertility, due to complete sperm immobility caused by an abnormal internal structure of cilia and flagella responsible for their motility (Yoder, 2007; Hwang et al., 2010) . Given the fact that TAS2R14-rs3741843 regulates TAS2R43 expression we speculate that the variant influences sperm mobility through an eQTL. The other potentially interesting association that we observed was between the carriers of the (T) allele of the TAS2R3-rs11763979 SNP and fewer normal acrosome P = 0.003. For this locus GTEx shows that TAS2R3-rs11763979 decreases the expression of the TAS2R6 gene and increases the expression of the TAS2R4 gene and of WEE2-AS1, which is the antisense RNA of the WEE2 gene. WEE2 is a member of the WEE tyrosine kinase family and in oocytes WEE2 acts as a key negative regulator of meiosis. According to GTEx the WEE2 gene is also expressed in the testes where presumably it still has the role of down regulating meiotic cell division. In our study, we observed that the minor allele of TAS2R3-rs11763979 is associated with a decrease in the number of sperm with a normal morphology and with an increase of WEE2-AS1 expression. It is plausible to hypothesize that the WEE2-AS1 increased expression may down regulate WEE2 which in turn can alter the natural timing of sperm maturation increasing the number of abnormal sperm cells. We also observed a statistically significant association between TAS1R2-rs4920566 and the number of sperm cells. This SNP however does not show any eQTL and also the other bioinformatic tools used do not identify any potential function for the variant and therefore the association is difficult to explain biologically. In addition, the association holds only for heterozygous individuals while the two homozygous (A/A vs. G/G) are similar in value to each other, and therefore this association is probably due to just statistical fluctuation.
One evident advantage of this study is its size since with 494 individuals this is by far the largest conducted in Caucasians. Another advantage is that all the patients have been collected in the same geographical area minimizing any potential bias due to population stratification. A possible limitation of the study is the fact that we did not completely cover all the possible human taste genes or their variability and, given the complexity of the loci in which these genes lie, we could have missed some possible associations.
The associations that we find are not only supported by a good statistical significance but also by a plausible, although in silico, mechanistic biological explanation.
In conclusion, our data suggest a role of the genetic variability of taste receptors in human male infertility, but these results are not validated by in vitro or in vivo experiments and further investigations are needed, possibly including a more comprehensive survey of the genetic variability of the region.
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